Here we report well-controlled disorder effect in the recently discovered monolayer NbSe2 shows superconductivity in the two-dimensional (2D) limit [20] [21] [22] [23] . Monolayer NbSe2
consists of one layer of Nb atoms sandwiched between two layers of Se atoms. The unit cell is half of that for 2H-NbSe2. The atomic layers have hexagonal lattice and are arranged in a trigonal prismatic structure with no inversion symmetry ( Fig. 1(a) ). Superconductivity in such a non-centrosymmetric structure provides a platform to study the interplay between spin-orbit coupling and superconductivity. It has been shown that the strong spin-orbit coupling is responsible for the large enhancement of the upper critical field and the creation of unconventional pairing correlations in the superconducting states 23, 24 . Besides these striking features, the two-dimensional geometry makes it possible to introduce disorder in a controllable way through either adatom adsorption or isovalent substitution during the sample growth. Thereby the superconductivity properties of NbSe2 monolayers can be systematically studied as a function of disorder strengths. In particular, a regime far beyond the scope of application for the Anderson's theorem 1, 25 is reached where superconductivity is strongly enhanced. In this regime, the eigenstate correlation exhibits a power-law behavior 26, 27 , which is a signature of multifractal wave function. The localization 28, 29 induced multifractality of electron wave functions enhances the effective electron-electron interaction and hence the superconductivity 18, 19, 30 .
The experiments were conducted on a dilution-refrigerator based ultra-high vacuum (UHV, 1×10 -10 torr) scanning tunneling microscope (STM) equipped with molecular beam epitaxy (MBE). At the base temperature, fitting the differential conductance of superconducting gap gives the electron temperature of 228 mK (Supplementary Information).
The NbSe2 monolayer was prepared on the graphitized 6H-SiC(0001) substrate mainly terminated with epitaxial bilayer graphene. High-purity Nb and Se were co-deposited onto the substrate held at 650°C. After single layer of NbSe2 was formed, the sample was immediately transferred into the STM head to perform local topographic imaging and scanning tunneling spectroscopy (STS) measurements.
The large-scale topographic image in Fig. 1(b) shows the typical sample surface. The
NbSe2 monolayer fully covers the graphene/SiC(0001) substrate and forms large atomically flat terraces. The atomic steps indicated by arrows are copied from the substrate. Similar to the epitaxial graphene on SiC(0001) surface, the lattice of NbSe2 is continuous across the steps ( Supplementary Fig. S5(b) ). The inset of Fig. 1(b) shows the atomically resolved STM image of monolayer NbSe2 surface. The protrusions correspond to the topmost Se atoms. In addition, the superlattice of charge-density wave (CDW) with a momentum of qCDW~1/3kBragg
is clearly resolved, which is almost identical to the bulk counterpart 31 . The lattice structure is also confirmed by ex situ scanning transmission electron microscopy (STEM) measurement on a sample covered by amorphous Se capping layer. Superconductivity of NbSe2 survives in the 2D limit. STS reveals the superconducting gap of pristine NbSe2 monolayer ( Fig. 1(d) ). The variable-temperature spectra are shown in the inset of Fig. 1(d) and the Supplementary Fig. S6 . The small dips outside the coherence peaks could be traced to the phonon modes. Elevated temperature suppresses the superconducting coherence peaks and raises the zero-bias conductance (ZBC). The spectra are well fitted by using the BCS gap function. Compared with the bulk transition temperature of 7.2 K (see ref.
32), Tc of monolayer is reduced to about 0.9 K found by fitting either the superconducting gap ( Fig. 1(d) ) or the ZBC alternatively ( Supplementary Fig. S7 ) as functions of temperature.
Well-controlled experiments of disorder effect were performed on NbSe2 monolayer under an UHV condition. The STS measurement of superconducting gap reveals a large enhancement of superconductivity by disorder.
In the first case, we introduce disorder in situ by depositing silicon atoms on the surface of clean NbSe2 film. The strength of disorder can be easily tuned by the coverage of silicon adatoms. ) is more than three times larger than that for a pristine film. The critical field is also significantly enlarged by disorder ( Supplementary Fig. S11 ).
In the second case, we substitute Se by isovalent S atoms in NbSe2. The darker spots in the STM image ( Further characterization of the NbSe2-xSx monolayer is shown in Figs. S13-S16. The
Fermi momentum kF, coherence length ξGL and mean free path ℓ for the optimally doped sample (x=0.49) are estimated to be 5×10 9 m -1 , 16 nm and 2.2 nm, respectively. The large Ioffe-Regel parameter kFℓ~10 indicates that the sample is in the weak disorder regime and the difference between the mean field BCS temperature and the Berezinsky-Kosterlitz-Thouless transition temperature is small [33] [34] [35] [36] [37] [38] [39] . Therefore it is still safe to characterize the superconducting transition by the mean field BCS temperature.
The above two different ways of introducing disorder have very similar effect on the superconducting transition of NbSe2 monolayer. Conceivably, they should share the same mechanism. We tend to attribute the superconductivity enhancement to the formation of multifractal electron wave functions, which can strengthen the local two-body interactions 30 .
It is well established that for disordered system close to the metal-insulator transition the eigenfunctions are multifractal 26 , i.e., the moments of probability distribution scale with an infinite hierarchy of exponents 40 . The physical origin of the enhancement of superconductivity by multifractality is twofold 30 : (i) the eigenfunction occupies only part of the available space, which by normalization enhances its amplitude; (ii) eigenfunctions within a thin energy shell overlap strongly.
Although several theoretical works have proposed that localization induced multifractality can enhance superconductivity 18, 19 , adequate experimental evidence has been absent because of the difficulty to exclude other mechanisms and control disorder effects precisely. In the present work, the well-controlled experimental conditions provide new opportunities to investigate the enhancement of superconductivity through the multifractality mechanism. Moreover, the high density of state at Fermi level of NbSe2 monolayer and the double-layer graphene substrate screen the long-range Coulomb interaction, which otherwise tends to reduce the effect of multifractality S18 ). Further increasing of disorder strength causes , to grow dramatically due to the multifractality of wave function. Meanwhile, the number of states within the Debye energy window may decrease, but at a rate that cannot compensate the effect of multifractality. As a result, superconductivity can be enhanced near the optimal disorder strength. Even stronger disorder drives the system to a regime where the mean energy-level spacing increases very quickly and greatly reduces the density of states within the Debye energy window resulting in the suppression of superconductivity.
To further elucidate the mechanism of superconductivity enhancement from the self-consistent gap equation, we calculated , as a function of energy difference between two eigenstates as shown in Fig. 3(b) . In the regime where superconductivity is enhanced,
, increases with the disorder strength and shows a power-law dependence on the energy difference between and , namely , ∝ | − | − and γ > 0. This power-law behavior signifies the wave function multifractality 26, 27 . We note that the scattering lengths in the multifractality regime are about a few nanometers and are compatible with those measured by experiments (Supplementary Information). This calculation strongly suggests that the enhancement of superconductivity is a result of the multifractal wave functions of the monolayer NbSe2.
So far the theoretical modeling based on wave function multifractality has quantitatively explained the superconductivity enhancement in monolayer NbSe2. In principle, the direct observation of multifractality requires probing the spatial distribution of individual quantum states with atomic resolution, which is beyond the capability of STM (only measures local density of states (LDOS)). However, the usefulness of STM to probe multifractal wave-function is based on the following property of multifractality: eigenfunctions within a thin energy shell overlap strongly 30 . Therefore multifractality can be readily revealed by the S14 ) and the lighter S atoms can lead to higher Debye temperature. However, these two effects do not exist in the case where similar superconductivity enhancement is also induced by Si adatoms and so can be excluded in general. In addition, previous experimental evidences 54 indicate that a pressure equivalent to the lattice compression in the order of 0.1 Å only results in an insignificant increasing of Tc. By putting together all the above considerations, we propose that the enhancement of superconductivity in 2D NbSe2 monolayer is mainly due to the wave function multifractality. Extensions to other 2D or strongly correlated superconductors need further investigations.
Methods
The bilayer graphene 55 was produced on n-type 6H-SiC(0001) (resistivity: 0.02-0. 
